Tall fescue (Festuca arundinacea), infected with the fungal endophyte Acremonium coenophialum, contains both ergot-type and saturated-pyrrolizidine (loline) alkaloids. These alkaloids are believed to be at least partially responsible for the insect pest resistance of tall fescue and for periodic or seasonal toxicity of endophyte-infected tall fescue to grazing cattle. Attempts to separate the relatively minor amounts of ergot-type alkaloids (1-10 ppm) from the much more abundant saturated-pyrrolizidine alkaloids (1000-6000 ppm) using ordinary chromatography systems, have been generally unsatisfactory. High-speed countercurrent chromatography was examined as an alternative separation method. A crude fescue alkaloid mixture (1 g) was separated, in less than 8 hours, using a two-phase solvent system composed of chloroform-methanol-water (5:4:3, v/v/v). Alkaloids such as N-methylloline, N-acetylloline, and N-formylloline were well separated from each other and recovery of these alkaloids was quantitative. Relatively pure ergonovine was isolated from the mixture in one pass. Other minor alkaloids, including lysergic acid amide, were either separated from each other or were highly enriched in certain fractions.
Tall fescue, Festuca arundinacea Schreb, is a cool season pasture grass that is used extensively in the southeastern United States. Most existing pastures are infected with an endophytic fungus, Acremonium coenophialum Morgan-Jones and Gams (1) , that has been associated with insect pest resistance of tall fescue (2) (3) (4) (5) . Endophyte-infected tall fescue contains both ergot-type ( Figure 1 ) and saturated-pyrrolizidine (loline-type) alkaloids ( Figure 2) ; neither type of alkaloid is found in tall fescue when the endophyte is absent (6) (7) (8) . These two classes of alkaloids have also been associated with production losses in cattle (9) , and economic losses to cattle producers have been estimated at $50 to $200 million annually (10) . Ergot alkaloids present the greater toxic danger (8, 11) . The objective of this study was to isolate and identify the simpler amides of lysergic acid present in endophyte-infected tall fescue, including the two unknown compounds reported previously by Yates et al. (8) .
Attempts to separate ergot-type alkaloids from the much more abundant loline-type alkaloids using ordinary chromatography systems, have been generally unsuccessful. The number of alkaloids present, the widely different concentrations and structural types of alkaloids present, and tailing of alkaloid peaks into one another, have been major problems preventing isolation and characterization of the minor alkaloids in tall fescue. High-speed countercurrent chromatography enables rapid and efficient separation of complex mixtures without adsorptive loss or degradation caused by solid supports such as alumina, silica, or cellulose (12) (13) (14) (15) . We report the gram-scale separation of a complex fescue alkaloid mixture using a commercial preparative cross-axis high-speed countercurrent instrument. The procedure has allowed us to isolate and to identify several alkaloids previously not known to occur in tall fescue.
Materials and Methods
Apparatus. A Pharma-Tech (Baltimore, MD, USA) Model CCC-600CX cross-axis preparative countercurrent chromatograph was used in our experiments. The complete instrument includes a dual coil column (2.6 mm I.D. polytetraflouroethylene tubing) planet centrifuge, LDC Milton Roy liquid pump, digital revolution speed monitor, Rheodyne HPLC injector, and a pressure monitor. The axis of the column holder is positioned perpendicular to, and at a fixed distance away from the centrifuge axis to promote more vigorous mixing of stationary and mobile phases. Replacement of the counterweight by a second identical column eliminates the need for tedious balancing of the centrifuge system and doubles the total column capacity. The total column capacity is 1260 mL and the optimum revolutional speed of this apparatus is 600 rpm.
Preparation of solvent system. A two-phase solvent system composed of CHCls/MeOH/HzO (5:4:3, v/v/v) was used. The solvent mixture was thoroughly equilibrated in a separatory funnel at 25°, and the two phases were separated before use. The upper phase was the stationary phase and the bottom phase was the mobile phase.
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Ergonovine
Lysergic acid amide Isolysergic acid amide Preparation of sample. Although the endophyte infects the whole fescue plant, seed is a rich source of both loline-type and ergot-type alkaloids (7, 8) , and presents fewer isolation problems. Endophyte-infected tall fescue seed (Lambert Seed Co., Camden, AL) was defatted with hexane (750 ml per 500 g seed), air-dried, ground in a milling machine to 2 mm mesh, and extracted with methanol (3x, 1500 mL). The methanol extract was concentrated in~approx. 50-fold, to 90 mL, and diluted with 1% aqueous citric acid (500 mL). The acidic solution was extracted with CHCls (3x, 500 mL) and the CHCls extracts were combined to give a fraction that was saved for future study. This fraction contained a mixture of ergopeptine alkaloids, including ergovaline. The aqueous phase was collected and the pH was adjusted to 10 with NaOH. The resulting alkaline solution was carefully extracted with CHCls (5x, 500 ml) using thorough but gentle mixing to avoid troublesome emulsions. The CHCl s extracts were combined, concentrated in~to 250 ml, and extracted with 0.2N aqueous HCl (3x, 80 ml). The CHCls phase was discarded because it contained only small amounts of residual, relatively non-basic alkaloidal material. The aqueous HCl phases, containing alkaloids as their HCl salts, were combined and adjusted to pH 10 with NaOH. The resulting alkaline solution was extracted with CHCls (5x, 250 ml) to afford a fraction that contained both loline-type and ergot-type alkaloids as free bases. The alkaloid fraction was concentrated in~to 125 ml, and dried over anhydrous Na2S04. Chloroform was removed in vacuo yielding an oily residue (1 g). The alkaloidal residue was then dissolved in a mixture of mobile phase (3 mL) and stationary phase (1 mL).
Countercurrent Chromato~raphy Procedure. The entire column (pair of coiled multilayer columns connected in series) was filled with the stationary phase. The apparatus was then rotated counterclockwise at 600 rpm in planetary motion while the mobile phase was pumped into the inlet of the column at a flow-rate of 2.2 mL/min (head to tail elution mode). Maximum pressure at the outlet of the pump measured 80 psi. After a I-hour equilibration period, the sample was loaded into the Rheodyne injector loop and injected. Effluent from the outlet of the column was continuously monitored with a Shimadzu UVD-114 detector at 312 nm and fractions collected with a Gilson FC-lOO fraction collector to obtain approximately 8.8 mL of eluant in each tube (during a 4-min interval). Retention of the stationary phase was estimated to be 930 mL (74%) by measuring the volume of stationary phase eluted from the column before the effluent changed to mobile phase (330 mL) and subtracting this volume from the total column capacity of 1260 mL.
Analysis of fractions for loline alkaloids. Loline alkaloids present in the various fractions were determined by the quantitative capillary gas chromatographic method of Yates et ( 7) . Prior to GC analysis, 50-pL or 100-pL aliquots of each fraction to be analyzed were diluted to 0.98 mL with MeOH, and phenyl morpho line was added as an internal standard (200 pg in 20 pL MeOH); l-pL injections were used.
Analvsis of fractions for ergot alkaloids. Ergot-type alkaloids were determined by HPLC with fluorescence detection (8) . The HPLC system consisted of a Spectra-Physics SP8800 ternary solvent delivery system, Rheodyne injector, Varian Fluorichrom detector, and a Spectra-Physics SP4290 integrator. HPLC analysis was performed with a du Pont Zorbax ODS C-18 column (4.6 mm ID x 250 mm, 5~m ODS) fitted with a Supelco 5-8954 prepacked disposable 2-cm guard column (LC-18 cartridge). The chromatography solvent system was composed of an 0.1 N ammonium acetate buffer (pH 7.6) and acetonitrile, at volume ratios of 65:35 or 80:20. All runs were isocratic with a flow-rate of 0.8 mL/min. For fluorescence detection of ergot alkaloids, the excitation wavelength was 310 nm; and the emission wavelength band passed, by Varian 3-71 and 4-76 emission filters, was between 375 and 460 nm. Alkaloids were determined by measurement of fluorescence peak height and comparison with ergotamine tartrate standard curves, and ergot alkaloid amounts were expressed as~g of ergotamine tartrate. Ergotamine tartrate and ergonovine were purchased from Sigma Chemical Co., St. Louis, MO.
Isolation of ergot alkaloids. Preparative TLC of countercurrent fractions was carried out on silica gel 60 F-254 plates (E. Merck) developed with CH2C12/MeOH (4:1). R f values were 0.42, 0.50, and 0.68 for lysergic acid amide, ergonovine, and isolysergic acid amide, respectively. Fluorescent bands on TLC plates were separately scraped from the plates, transferred to disposable Pasteur pipettes, and ergot alkaloids were then eluted with the same solvent system. Mass spectra were obtained with a Finnigan r~T 4535/TSQ instrument equipped with a DEP probe.
Results and Discussion
Although sample is normally injected into a countercurrent chromatograph when the mobile phase is initially pumped into the column (12) (13) (14) (15) , it was found that better retention of stationary phase, a more stable absorbencies baseline, and better resolution of peaks resulted when samples were injected after a I-hour equilibration period. Unstable baselines were observed during the time in which effluent changed from stationary phase to mobile phase; however, baselines stabilized by the time the first sample component appeared in the effluent. An alkaloid extract from endophyte-infected tall fescue seed prepared by a series of acidjbase extractions was injected into the countercurrent chromatograph, rather than a crude ethanolic seed extract, because injection of the latter resulted in emulsions. When emulsions were formed, the stationary phase was not retained and separations were unsuccessful. Attempts to process more than 1 g of alkaloid concentrate per injection resulted in reduced resolution of sample components. The optimum flow-rate was 2.2 mL/min.
A typical countercurrent chromatogram of an alkaloid extract from endophyte-infected tall fescue seed is shown in Figure 3 . Two curves are superimposed; the solid line represents mg of loline-type alkaloids determined by GC analysis, and the dotted line represents absorbencies at 312 nm, which is characteristic of the cross-conjugated styrene-indole system of lysergic acid derivatives (16) . Although 8.8-mL fractions were collected, numbers (mL effluent after sample injection) have been rounded off to integers in order to simplify the discussion. The first sample component appeared, at an effluent volume of 250 mL, as a non-alkaloidal yellow material. A broad peak at 304-374 mL of effluent contained two highly-fluorescent ergot alkaloids (670 g of lysergic acid amide and 520~g of isolysergic acid amide); N-methylloline (61 mg) was present at 312-365 mL of effluent. N-Methylloline was determined by gas chromatography. Preparative separation of the fraction at 304-374 mL of effluent by TLC, yielded N-methylloline (R f 0.10), lysergic acid amide (R f 0.42) and isolysergic acid amide CR f 0.68). The structures of lysergic acid amide and isolysergic acid amide were confirmed by mass spectrometry via comparison with published mass spectra (17) . We could not differentiate between lysergic acid amide and isolysergic acid amide on the basis of mass spectrometry. The higher R f (0.68) band was assigned to isolysergic acid amide because isolysergic acid derivatives typically have higher R f values than do the corresponding lysergic acid derivatives (18) . At 374-392 mL of effluent, a minor unidentified 312 nm absorbance peak was observed. Another suspected ergot-alkaloid peak (25 g) occurring at 453-513 mL of effluent also contained N-acetyl loline (305 mg). A minor peak (312 nm, trace amounts of ergot alkaloid) was observed at 513-557 mL of effluent. This peak was followed by ergonovine (55~g) at 583-627 mL effluent. Ergonovine was tentatively identified by comparison with, and co-chromatography with an ergonovine standard using two different HPLC chromatographic solvent systems. Ergonovine was then isolated by TLC, and the structure confirmed by mass spectrometry via comparison with authentic ergonovine. Subsequent fractions with absorbencies at 312 nm contained only trace amounts of ergot alkaloids, expressed as~g ergotamine tartrate. N-formylloline (601 mg) eluted at 627 to 733 mL of effluent. Some suspected ergot-alkaloid overlap occurred from 654-750 mL of effluent. Loline (31 mg) and N-acetylnorloline (28 mg) were found together at 733-812 mL of effluent. No absorbencies at 312 nm or loline alkaloids were found after 812 mL of effluent. Partition efficiencies of the major loline-type alkaloids were computed according to the conventional gas chromatographic formula (13) :
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where N denotes the partition efficiency expressed in terms of theoretical plate number, R, the retention volume (mL of effluent) after injection of the peak maximum, and w, the peak width expressed in the same units as R. The present separation yielded partition efficiencies of 680, 1050, and 560 theoretical plates for N-methylloline, N-acetylloline, and N-formylloline, respectively.
In summary, N-methylloline, N-acetylloline, and N-formylloline were well separated from each other using gram-scale high-speed countercurrent chromatography, and recovery of loline alkaloids was quantitative. Ergot alkaloids were well separated from each other and were enriched in certain fractions. The preparative TLC system was not sufficient, in itself, to isolate ergot alkaloids from the alkaloid concentrate used in this study but was successful on the greatly simplified mixtures contained in countercurrent chromatographic fractions. This is the first reported occurrence of lysergic acid amide and isolysergic acid amide in endophyte-infected tall fescue, and HPLC analysis showed that these are the two unknown compounds reported previously (8) .
The combination of preparative high-speed countercurrent chromatography with other separation methods, such as HPLC, and TLC, will enable chemists to isolate minor components of complex alkaloid mixtures more efficiently. This technique is not limited to alkaloid separations and, in theory, other complex mixtures of compounds having only minor differences in their partition coefficients should be efficiently separated by high-speed countercurrent chromatography.
